Background Broncho-pleural fistula (BPF) and respiratory failure (RF) are life-threatening complications after lung cancer surgery and can result in long-term hospitalization and decreased quality of life. Risk assessments for BPF and RF in addition to mortality and major morbidities are indispensable in surgical decision-making and perioperative care. Methods The characteristics and operative data of 80,095 patients who had undergone lung cancer surgery were derived from the 2014 and 2015 National Clinical Database (NCD) of Japan datasets. After excluding 1501 patients, risk models were developed from these data and validated by another dataset for 42,352 patients derived from the 2016 NCD dataset. Receiver operating characteristic curves were generated for postoperative BPF and RF development. The concordance-index was used to assess the discriminatory ability and validity of the model. Results BPF and RF occurred in 259 (0.3%) and 420 patients (0.5%), respectively, in the model development dataset and in 129 (0.3%) and 198 patients (0.5%), respectively, in the model validation dataset. Characteristic variables including types of surgery and comorbidities were identified as risk factors for BPF and RF, respectively. The concordance indexes of assessments for BPF and RF were 0.847 (p < 0.001) and 0.848 (p < 0.001), respectively, for the development dataset and 0.850 (p < 0.001) and 0.844 (p < 0.001), respectively, for the validation dataset. Conclusions These models are satisfactory for predicting BPF and RF after lung cancer surgery in Japan and could guide preoperative assessment and optimal measures for preventing BPF and RF.
Introduction
Lung cancer is a leading cause of death worldwide. Surgery remains the mainstay for complete cure. Several risk models and scoring systems for improving stratification of mortality risk associated with lung cancer surgery have been developed and tested [1] [2] [3] .
Broncho-pleural fistula (BPF) and respiratory failure (RF) are still major devastating postoperative complications after pulmonary resections for primary lung cancer even though their incidences have decreased over the last two decades. Both are strongly associated with high mortality and negative impacts on activities of daily living following longterm hospitalization. Several risk factors for BPF and RF as male, performance status, some comorbidities, and extensive resection, etc., have been suggested in patients undergoing pulmonary resection [4] [5] [6] . No existing risk ratio integrated by these risk factors responds to such medical conditions as development of surgical devices and less invasive surgeries in these days. Availability of a risk calculator at the time of surgery in response to a real-time medical condition would enable identification of surgical indications, improve surgical outcomes, maintain patient performance after surgery, and reduce medical costs, especially when the surgical candidate has multiple risk factors.
Patients and methods

Data collection
In 2011, the NCD of Japan adopted an annual web-based nationwide data collection system. The Japan Surgical Society ethics committee reviewed and approved the ethical characteristics of the entire National Clinical Database initiative and fully disclosed the review process, on its website. The use of registry data for retrospective observational studies was approved by the committee, and the requirement of individual written or verbal informed consent was waived because of the retrospective design. In 2014, data on 1.6 million surgical procedures from more than 4000 hospitals were collected [7] . An NCD specifically for general thoracic surgery was launched in 2014. The data registration system and information recorded are described in detail in our previous report [8] . In total, 80,095 lung cancer operations were registered in the 2014 and 2015 datasets. More than 95% of all pulmonary resections for lung cancer registered with the Regional Bureau of Health and Welfare in Japan are accounted for in the NCD [9] .
These databases have been audited regularly by a webauditing system since 2015. The audit encompasses other variables related to patient demographics and outcomes, these having been evaluated using hospitalization summaries randomly selected by the NCD office since 2017. The high quality of the database has enabled development of risk models for BPF and RF after lung cancer surgery [1] .
Patient cohort
The cohort for the current analysis was derived from three annual datasets (2014, 2015, and 2016 ) that included information on persons who underwent surgical resection for primary lung cancer (at 797 surgical units in 2014, 814 in 2015, and 814 in 2016). Surgical approaches were categorized as thoracotomy or minimally invasive, including complete video-assisted thoracoscopic surgery and mini-thoracotomy with a wound length of 8 cm or less. Variables related to surgical approach were excluded in the risk analysis because decisions regarding surgical approach varied among surgical units. The surgical procedures included wedge resection, segmentectomy, lobectomy, bilobectomy, and pneumonectomy. Bronchoplasty (sleeve-or wedge-plasty) and extensive resections including chest wall, pulmonary artery, diaphragm, and so on were also entered into the analysis. Nodal dissection was categorized as hilar, lobe-specific mediastinal, or systematic dissection.
Patients were excluded if they had undergone procedures with no curative intent, extrapleural pneumonectomy, complete pneumonectomy, emergency surgery, combined procedures for both lungs, or been transported by ambulance. Of the 80,095 patients in 2014 and 2015 and the 43,017 in 2016, 1,501 and 665 patients were excluded from the analysis, respectively. Thus, the development dataset for risk models included 78,594 patients entered in 2014 and 2015, and the validation dataset 42,352 patients entered in 2016.
Outcome measures
The primary outcome measures were BPF and RF occurring during the index hospitalization or within 30 days after surgery regardless of hospitalization status. BPF was defined as communication between the pleural space and bronchial tree with/without empyema. Causes of RF after lung cancer surgery range from atelectasis and pneumonia to acute lung injury. The NCD system [8] defines RF as when a patient requires tracheal intubation or tracheostomy or mechanical ventilation for 48 h or longer after lung cancer surgery regardless of cause, such as acute exacerbation of interstitial pneumonia, pneumonia, atelectasis, pulmonary emboli, and so on.
Statistical analysis
We divided the cohort into a training set (cases from 2014 to 2015) and a validation set (cases from 2016). We constructed a multivariable logistic regression model that predicted the incidences of BPF and RF from patient demographic variables, comorbidities, and tumor conditions. Missing values for age and spirometry were replaced with the most frequent category. The estimates from the fitted models were then used to predict the risk for each patient in the testing cohort, based on the following equation: Predicted BPF (RF) = e(b 0 + Σb i X i )/1 + e(b 0 + Σb i X i ), where b i is the coefficient of the variable X i in the logistic regression equation provided in the tables. X i = 1 if a categorical risk factor is present and 0 if it is absent. We categorized age into six levels and included it as a continuous variable. X i = 0 for a patient age less than 60, X i = 1 for age 60-64, X i = 2 for age 65-69, X i = 3 for age 70-74, X i = 4 for age 75-79, and X i = 5 for an age greater than 79. We assessed the discrimination of the model by examining the area under the receiver operating characteristic curve (C-statistic) and its calibration by a calibration plot and the Hosmer-Lemeshow test. All analyses were performed with the IBM SPSS Statistics software package (version 24; IBM, Armonk, NY, USA).
Results
Risk profile of study cohort
From 1 January 2014 through 31 December 2015, 78,594 patients underwent lung cancer surgery (risk model set) and from 1 January 2016 through 31 December 2016, 42,352 (validation set). The baseline characteristics of these patient groups were similar (Supplemental Table S1 ).
Outcomes
BPF and RF occurred in 259 (0.3%) and 420 patients (0.5%), respectively, in the model development dataset and in 129 (0.3%) and 198 patients (0.5%), respectively, in the model validation dataset. The 30 day and in-hospital mortality of the patients who developed BPF and RF were 18.9% and 35.7%, respectively, in the model development dataset and 19.4% and 38.4%, respectively, in the model validation dataset. Reoperation for the patients with BPF was performed in 135 patients (52.1%) in the model development dataset and 65 patients (50.4%) in the model validation dataset. Length of hospitalization was 35.3 ± 29.1 days in the patients with BPF, which is significantly longer than that of patients without BPF (11.3 ± 10.1 days; p < 0.001). It was 40.7 ± 28.5 days in the patients with RF, which is significantly longer than that in patients without RF (11.3 ± 10.0 days; p < 0.001) (Supplemental Tables S2 and S3) .
Model results
Multivariate risk models were developed and the final logistic model, with odd ratios (ORs) and 95% confidence intervals (CIs), is presented in Tables 1 and 2 , which show the associations of patient baseline characteristics with the outcome measures of BPF and RF occurrence. 17 variables were associated with BPF occurrence and 27 with RF occurrence.
To evaluate model performance, the concordance-index (a measure of model discrimination), which is the area under the receiver operating characteristic curve, was used. The C-indices were 0.847 (95% CI 0.824-0.869; p < 0.001) for BPF and 0.848 (95% CI 0.831-0.865; p < 0.001) for RF. The C-indices in the validation datasets for BPF were 0.850 (95% CI, 0.819-0.881; p < 0.001) and 0.844 (95% CI 0.816-0.871; p < 0.001) for RF. Figure 1 shows the calibration of the models and the extent to which the rates for the predicted events matched those of the observed events among the patient risk subgroups. 
Discussion
Several risk models and scoring systems derived by analyzing a big database have been developed and tested to improve stratification of mortality risk in lung cancer surgery [1] [2] [3] ; however, a few studies have dealt only with BPF and/or RF risks [4] [5] [6] . The incidence of BPF is reportedly 0.6-4.4% and the mortality rate very high (18-50%), although its incidence has decreased over the last two decades [5] . The incidence of pulmonary complications ranging from atelectasis to respiratory failure requiring mechanical ventilation is reportedly 10-20% after lung cancer surgery [10] . BPF and RF can both occur in the same patient. Development of BPF and/or RF is associated with high mortality and negative impacts on the patient's daily life despite lengthy hospitalization and large medical costs. Various risk factors ranging from patient's characteristics to operative procedures have been reported to be associated with the development of BPF or RF. Few studies, however, have used multivariate analysis to assess integrated risk calculation of various factors on large clinical databases. Most previous studies had small patient cohorts, few BPF or RF events, and biased patient selection and surgical procedures, among other limitations.
Risk assessments for mortality and/or major morbidities after pulmonary resection for primary lung cancer using approximately 80,000 surgery data from NCD were developed in the previous paper [1] . In this study, we additionally developed a model for estimating risk of BPF and RF using approximately 120,000 data derived from NCD for surgical decision-making and perioperative care. The NCD for lung cancer surgery provides a large number of lung cancer patients annually (approximately 40,000) who have undergone pulmonary resection, allowing identification of some variables as independent predictors of BPF and RF. Furthermore, these factors were validated using datasets obtained in 2016.
When surgeons input preoperative data and the planned surgery type, a BPF and RF risk models can improve preoperative assessment, including determination of surgical indications and the suitability of limited resection. It can also recommend individualized perioperative management as perioperative treatment or rehabilitation.
Risk factors for BPF
Male sex has consistently been identified as a risk factor in other models of lung cancer surgery risk [11] . Being underweight may be linked to sarcopenia, immune-nutritional deficiencies, and wound healing problems [12] . The American Society of Anesthesiologists physical status, which is estimated by number of comorbidities and their severity, may be a more useful indicator than performance status of development of pulmonary complications in older patients being considered for thoracoscopic lobectomy [13] . The NCD system requires entry of all comorbidities, thus enabling our identification of interstitial pneumonia, stroke, and autoimmune disease as comorbidities significantly associated with risk of BPF. Interstitial pneumonia is a known major risk factor for operative mortality after lung cancer surgery [1] . Acute exacerbation of interstitial pneumonia causing respiratory failure and requiring mechanical ventilation may be linked to development of BPF [14] . Autoimmune disease is possibly linked to immunosuppressive treatments such as steroids and/or potential delays in wound healing. Whether such immunosuppressive treatments should be continued should be carefully discussed with physicians [15] .
Several studies have concluded that diabetes mellitus (DM) is a risk factor for BPF [16] ; however, we did not confirm this in our study. DM status is categorized in the NCD system as follows: untreated, dietary treatment only, non-insulin treatment, and insulin-dependent. There are few patients with untreated DM in our series because we excluded patients requiring emergency surgery. Most patients' DM is now successfully controlled before surgery, even if they have severe DM. The presence of uncontrolled DM may be a risk factor for BPF. Neoadjuvant therapy is considered a major risk factor [17] . There has recently been an increased focus on radiation intervention in relation to BPF in studies of neoadjuvant therapy prior to surgery.
Pneumonectomy, especially right sided, is a known highrisk surgical procedure for BPF. Furthermore, right lower lobectomy has also been identified as a risk factor for BPF [18] . After both of these procedures the bronchial stump may be bare to the pleural cavity with minimal covering by mediastinal tissue or residual lung [5, 19] . Nodal dissection may strip the bronchial circulation, resulting in bronchial ischemia. Chest wall resection may adversely affect 
Prevention of BPF
Bronchial stump coverage is the most frequently performed preventive procedure against BPF in high-risk patients; however, no randomized control studies have been conducted to clarify its efficacy as a preventive procedure against BPF. Some studies have reported that bronchial stump coverage is ineffective. In a prospective study of pneumonectomy in patients with DM, intercostal muscle flap coverage in highrisk patients was reported to confer significant benefit: no BPF occurred in the reinforcement arm [20] . Another study has reported a slightly higher incidence of BPF in high-risk patients who underwent bronchial stump coverage than in low-risk patients who did not [21] . Despite the lack of conclusive evidence, most thoracic surgeons believe that bronchial stump coverage can prevent from BPF. The extent of nodal dissection should also be considered.
Reoperation was saved in half of the patients with BPF. The result suggested that postoperative care of patients at high-risk of BPF must include close monitoring and urgent intervention to avoid surgical intervention for BPF [22] .
Risk factors for RF
RF occurs due to pulmonary complications ranging from atelectasis and pneumonia to acute lung injury. Not only sarcopenia but obesity has been identified as a risk factor for RF. The spirometric variables of percent vital capacity (%VC) and forced expiratory volume 1.0% (FEV1.0%) are major risk factors for RF. Low %VC and FEV1.0% are risk indicators in patients with restrictive lung disease and chronic obstructive pulmonary disease (COPD), respectively. Recent studies have suggested the diffusion capacity of the lung for carbon monoxide (DLCO) is a more reliable predictor of RF in patients with restrictive lung disease [23] . The NCD system did not require data entry for DLCO until NCD 2016, because the DLCO test was infrequently performed in Japanese surgical units. Considering interstitial pneumonia is one of the risk factors for RF, DLCO will likely become a significant risk factor for RF in the near future, because it has been possible to enter DLCO since NCD 2017.
Organ failure such as hepatic dysfunction, ischemic heart disease, and central nerve disorder is also a risk factor for RF. Hepatic cirrhosis is a key prognostic factor in patients with acute respiratory distress syndrome [24] .
Multiple lung cancers, which have increasingly been diagnosed since development of high-resolution chest computed tomography in this decade, are a risk factor for RF. Volume of resected lung may contribute to the RF risk likely in the patients undergoing right pneumonectomy or bilobectomy.
Few studies have investigated risk calculation of RF after pulmonary resection [6] . Risk of pulmonary complications is reportedly associated with administration of induction chemotherapy and predicted postoperative DLCO. Despite its simplicity, that model was found to be poor by external validation [25] . The model we developed from the 2014 and 2015 NCD datasets is surprisingly satisfactory according to the model validation dataset of NCD 2016 because we analyzed a dataset of approximately 80,000 lung cancer surgeries and the spectrum of RF was limited based on definition as a complication of atelectasis and pneumonia requiring tracheal intubation or tracheostomy or mechanical ventilation for 48 h or longer after lung cancer surgery regardless of complications such as acute exacerbation of interstitial pneumonia, pneumonia, atelectasis, pulmonary emboli, and so on [8] .
Prevention of RF
Prediction of postoperative complications and long-term disability caused by pulmonary resection requires preoperative physiologic rehabilitation or treatment, to reduce a risk of respiratory failure for lung cancer patients with underlying pulmonary diseases such as idiopathic pulmonary fibrosis (IPF) [26] or chronic obstructive disease [27] . Planned surgical invasiveness as indicated by surgical approach, volume of resected lung, extent of nodal dissection, and extensive resection can have major physiological impacts on postoperative respiratory function in these patients. Less invasive approach as video-assisted thoracoscopic surgery or robotic surgery should be considered when risk calculation suggests high-risk [28, 29] . Palliative sublobar resection should be considered if applicable. Nodal dissection increases tissue damage by reducing lymphatic drainage and denervating the vagal nerve, thus increasing the pulmonary complication rate after lung cancer surgery [30] . Nodal sampling should be indicated by preoperative PET assessment or waived by nodal assessment through transbronchial lymph node biopsy.
Basic perioperative care including oxygen therapy, fluid management, use of bronchodilator and anti-IPF agent, and rehabilitation, etc., should be careful [31] .
Study limitations
Our attempt to develop an ideal model for predicting risk of BPF and RF after lung cancer surgery has the following limitations.
1. The risk model was developed using a large amount of data from the NCD specifically concerning general tho-racic surgery in Japan. The NCD includes mostly a single race (Japanese), and contains few patients with high BMI, peripheral vascular disease, or untreated DM. The characteristics of enrolled patients may, therefore, differ from those of previous studies. Variations in risk models that are related to regional differences in data collection are of concern. In the future, we plan to develop a compatible risk calculator for other countries by streamlining the version for both models. 2. BPF may have been misdiagnosed and entered as prolonged pulmonary air leakage when the BPF was small. BPF is subject to entry error and under-reporting and this would have affected the model. 3. BPF and RF can develop over 30 days after surgery [32] . Late complications over 30 days after surgery are not entered into the NCD data entry system. Therefore, some patients with late onset of these complications may have been under-reported. 4. The NCD does not include fluid intake during surgery, which may be linked to RF, or operative procedures such as closure technique (manual or stapled), or bronchial covering, which may be associated with occurrence of BPF. These issues should be considered in future studies.
Updated risk model
Our analysis provided a risk model for BPF or RF after lung cancer surgeries based on the NCD 2014 and 2015 dataset. Validation analysis using the NCD 2016 dataset confirmed the feasibility of the risk model. However, patient characteristics, lung cancer oncology, treatment strategies, and development of surgical devices will continue to change as population age and medical science advances. Risk models for BPF and RF will, therefore, need to be reviewed, particularly in rapidly changing societies. Our annual data collection system of NCD will respond to these changes and enable updating of risk models for BPF and RF after lung cancer surgery [8] .
In summary, models estimating risk of BPF and RF after lung cancer surgery based on the 2014 and 2015 NCD datasets precisely predicted occurrence of BPF and RF after lung cancer surgeries according to the 2016 NCD dataset. The model can facilitate perioperative assessment and planning of operative procedures to prevent BPF and RF.
